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ABSTRACT
We present an integrated thermal-chemical model for the atmosphere of the inner region of a proto-
planetary disk that includes irradiation by both far ultraviolet (FUV) and X-ray radiation. We focus
on how the photodissociation of H2O and OH affects the abundances of these and related species
and how it contributes to the heating of the atmosphere. The dust in the atmosphere plays several
important roles, primarily as the site of H2 formation and by absorbing the FUV. Large amounts of
water can be synthesized within the inner 4 AU of a disk around a typical classical T Tauri star. OH
is found primarily at the top of a warm region where the gas temperature is Tg ≈ 650 − 1000 K and
H2O below it where the temperature is lower, Tg ≈ 250−650 K. The amounts of H2O and OH and the
temperatures of the regions in which they formed are in agreement with recent Spitzer measurements
and support the notion of in situ production of water in the inner regions of protoplanetary disks. We
find that the synthesized water is effective in shielding the disk midplane from stellar FUV radiation.
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1. INTRODUCTION
The gas and dust in protoplanetary disks are both im-
portant in the formation of stars and planets (e.g., Dulle-
mond & Monnier 2010; Williams & Cieza 2011). Signifi-
cant progress has been made in recent years by observing
the gas with ground-based facilities and the Spitzer and
Herschel space observatories. A variety of molecules have
been detected in the inner planet forming regions of these
disks, notably water and simple organic molecules (Carr
et al. 2004; Carr & Najita 2008, 2011; Pascucci et al.
2009; Pontoppidan et al. 2010a,b; Salyk et al. 2011; Na-
jita et al. 2013). The presence of water is of particular
astrophysical and astrobiological significance. Water can
be as abundant as CO in protoplanetary disks, making
it the third most abundant molecule after H2 and CO.
Water and dust can also play important physical and
chemical roles, a focus of this article.
Numerous models of protoplanetary disk chemistry
have been developed for the purpose of establishing and
analyzing diagnostic spectral lines of the gas (Markwick
et al. 2002; Kamp & Dullemond 2004; Nomura & Mil-
lar 2005; Nomura et al. 2007, 2009; Agu´ndez et al. 2008;
Gorti & Hollenbach 2008; Woods & Willacy 2009; Woitke
et al. 2009a,b; Kamp et al. 2010; Fogel et al. 2011; Kamp
et al. 2011; Thi et al. 2010; Heinzeller et al. 2011; Walsh
et al. 2012; Aresu et al. 2011, 2012; Bruderer et al. 2012;
Meijerink et al. 2012; Akimkin et al. 2013). These mod-
els tend to differ in significant physical details, e.g., how
the gas is irradiated and how it is heated, as well as in
the chemistry. In addition to our earlier paper (Glass-
gold et al. 2009), several other models produce significant
levels of water in the inner disk (e.g., Woods & Willacy
2009; Thi et al. 2010; Fogel et al. 2011; Heinzeller et al.
2011; Aresu et al. 2011), and thus support the idea of in
situ formation in the gas phase. If this conclusion can be
strengthened, as we attempt to do here, it would dimin-
ish the need for an origin of water from the transport of
icy particles and bodies (e.g., Ciesla & Cuzzi 2006).
In 2009 Bethell and Bergin called attention to the pos-
sibility that the disk midplane is shielded from dissociat-
ing far ultraviolet (FUV) radiation by water and OH in
the disk atmosphere (Bethell & Bergin 2009, henceforth
BB09). They described how including such molecular
shielding could account for several features of the water
and OH emission observed by Spitzer. Molecular shield-
ing becomes important when grains have settled out of
the atmosphere and dust is no longer the dominant ab-
sorber of UV radiation. Shielding by molecules can limit
the penetration of the FUV through the disk atmosphere
and thus affect the transition from regions dominated by
atomic oxygen to regions with oxygen-bearing molecules.
To make these points BB09 adopted an FUV irradi-
ated isothermal atmosphere and employed a simplified
chemistry for OH and H2O. In particular, they assumed
hydrogen to be completely in molecular form. One po-
tential difficulty with this assumption is that the forma-
tion of H2O and OH requires H2 as a precursor, and
the formation of H2 on grains may be limited when the
grain surface area is reduced by grain settling. A more
complete thermal-chemical model is, therefore, needed to
explore how well shielding by H2O and OH works when
when grain settling is advanced. This topic has not been
pursued by earlier thermal-chemical models. For exam-
ple, the protoplanetary disk model (ProDiMo) of Woitke
et al. (2009; see also Aresu et al. 2011, Meijerink et al.
2012), while detailed and inclusive of many thermal and
chemical processes, includes molecular shielding by H2
and CO, but not H2O and OH.
In this paper we incorporate UV irradiation and molec-
ular shielding by H2O and OH into our earlier thermal-
chemical model of the inner disk atmosphere to explore
role of H2O and OH as UV opacity sources. We treat
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carefully a number of physical processes related to the
abundance of water and OH. Unlike BB09, who pre-
scribed two isothermal layers, we evaluate the temper-
atures in the transition between these two regions of
the atmosphere by considering the chemistry-dependent
thermal rate equations. In our previous study of water
with a purely X-ray model (Glassgold et al. 2009), we ob-
tained significant levels of water in the inner regions of
a typical T Tauri star disk, but much lower levels of OH
than are found by Spitzer (NAG11) or in the model of
BB09. Therefore, we also explore in this paper whether
a simple UV-irradiated thermal-chemical model can ac-
count for the properties of both the H2O and OH emis-
sion detected with Spitzer.
In the next section we describe how FUV photodisso-
ciation is treated in our model, including how it adds to
the heating of the disk atmosphere. One of our goals is to
describe our assumptions and the underlying reasons for
them in enough detail to allow useful comparison with
the results of other investigations. In Section 2, we de-
scribe improvements to our model, most importantly the
addition of UV photodissociation and its associated heat-
ing. We have also added photoelectric and H2 formation
heating to our model.
2. THERMAL-CHEMICAL IRRADIATION MODEL
The disk model that we irradiate with both X-rays
and FUV is derived from earlier versions with only X-
rays (Glassgold et al. 2004, henceforth GNI04; Glass-
gold et al. 2009, henceforth GMN09; Najita et al. 2011,
henceforth NAG11; A´da´mkovics et al. 2011, henceforth
AGM11). The underlying disk structure is a hydrostatic
equilibrium calculation by D’Alessio et al. (1999) for a
uniform mixture of dust and gas in Keplerian rotation
heated by star light and by accretion. GNI04 focused
on the gas component separately by including gas cool-
ing and heating (including X-rays) and a chemical model
appropriate to the disk atmosphere at small radial dis-
tances. In subsequent papers, GMN09 showed how H2O
could be formed in situ in inner disk atmospheres if H2
forms on warm grains (Cazaux & Tielens 2004). NAG11
used this model to study the formation of hydrocarbons
in inner disk atmospheres. In the present paper, we ex-
tend our model by including FUV irradiation and the
results of an improved treatment of X-ray ionization and
heating (AGM11). In this section, we first present a de-
tailed discussion of the photodissociation of H2O and OH
and then describe several improvements to the thermal
part of the model. The present treatment of photodisso-
ciation can be extended to other molecules and we will
report on these applications in a future publication.
2.1. Photodissociation
The photodissociation rate for a molecule at a par-
ticular radial distance r and altitude z above the disk
midplane is given by,
G(r, z) =
∫ λf
λ0
F (λ; r, z)σ(λ)dλ , (1)
where F (λ; r, z) is the spectral distribution of the lo-
cal FUV photon number flux in cm−2 s−1 A˚−1 over the
wavelength range from λ0 to λf in A˚, and σ(λ) is the
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Figure 1. FUV absorption cross sections, σ(λ), for water (solid)
and OH (dashed) from the literature. The mean values over 100 A˚
bins (in thick grey lines) illustrate the values used here for the
calculation of photodissociation rates.
photo-absorption cross section in cm2. There are ex-
tensive laboratory measurements of the H2O cross sec-
tion, and we use the high-resolution results presented
in Figure 1 of Mota et al. (2005), displayed here as
the solid line in Figure 1. For OH we use the the-
oretical results from Figure 2 of van Dishoeck & Dal-
garno (1984), displayed as the dashed line in Figure 1.
They are in rough agreement with measurements at long
wavelengths (Nee & Lee 1984), but are likely to be less
accurate at wavelengths below 1300 A˚ due to the coupling
of excited states and the occurrence of resonances. The
OH photo-absorption cross section is less accurate than
that for H2O, and it may be substantially revised (prob-
ably upwards) when more definitive experiments become
available. We average the cross sections over nine 100 A˚
bands, and display them as the thick grey lines in Fig-
ure 1. We ignore the effects on OH and H2O of FUV
radiation below 1100 A˚ due to strong line self-shielding
by abundant CO and H2 of the radiation from 911.7–
1108 A˚.
We calculate F (λ; r, z) from measurements of the FUV
luminosity, LFUV, of T Tauri stars obtained with the
Hubble Space Telescope (HST) by Yang et al. (2012),
F (λ; r, z) =
LFUV
4pi(r2 + z2)
λ
hc
e−(τd+τH2O+τOH), (2)
where τd, τH2O and τOH, are the extinctions due to dust,
H2O, and OH, respectively. The measured luminosities
imply a value of F (λ; r, z) at λ=1000 A˚ and r=1 AU for
a classical T Tauri star (CTTS) that is ten million times
larger than the interstellar radiation field (Habing 1968).
Yang et al. (2012) report extinction-corrected FUV lu-
minosities for CTTS between 1250 and 1700 A˚ excluding
Lyα. We adopted LFUV = 0.013 L = 5× 1031 erg s−1,
a useful value for comparison with the results of Spitzer
spectroscopy, as molecular emission has been reported
for sources with both larger and smaller LFUV (Carr &
Najita 2011). This value corresponds to a mean luminos-
ity per 100 A˚ of Lband = 1.1×1031 erg s−1 when taking
into account the 450 A˚ bandpass of the measurements. In
the absence of equivalent measurements outside the 1250
to 1700 A˚ range, we use the same Lband in all nine 100 A˚
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bands from 1100 to 2000 A˚ for a total FUV luminosity
of 0.025 L. This value is similar to but smaller than
the smallest FUV luminosity used by BB09 (0.1 L),
who assume that the FUV luminosity includes a large
contribution from Lyα radiation.
The Lyα line is estimated to make up 70-90% of the
FUV luminosity of CTTS (Schindhelm et al. 2012). Since
we do not include Lyα irradiation in our models, because
of its complicated radiative transfer (i.e., H i scattering),
our adopted reference FUV luminosity underestimates
the FUV incident on the disk by a factor of 3-10. One
way to account roughly for the Lyα luminosity of the
source would be to assume that our reference FUV lumi-
nosity represents 3-10 times the continuum LFUV values.
In that case, our adopted reference FUV luminosity of
0.025 L would still be relevant to CTTS studied with
Spitzer because of the broad LFUV distribution of CTTS
(Yang et al. 2012).
Consistent with the focus on the photodissociation of
H2O and OH, we add just two reactions to the chemical
network used in AGM11,
H2O + hν −→ OH + H (R1)
and
OH + hν −→ O + H. (R2)
We ignore the role of these reactions in producing excited
states of OH and O.
The opacity due to molecular extinction is given by
τi = σi(λ)Nlos(i), (3)
where Nlos(i) is the column density from the star for
molecule i (i = H2O or OH). The calculations of Nlos(i)
are non-trivial because they depend on the molecular
abundances throughout the disk, which themselves de-
pend on column density through Eq. 2 and the photo-
chemical reactions R1 and R2. In our previous X-ray
models, this complication was unimportant because the
X-ray intensity is nearly independent of the chemical
composition. Indeed, the physical properties of the disk
in X-ray models of a flared disk are largely a function of
the vertical column density N⊥, with Nlos/N⊥ ≈ 10. For
a steady-state calculation in the absence of photodisso-
ciation (AGM11; NAG11), the molecular abundances of
water and OH in the warm atmosphere are well approx-
imated using Nlos/N⊥ ≈ 30. We use the same relation-
ship in the calculations reported here and find that the
results are insensitive to changes in this ratio by factors
of as much as 3, which justifies using this approximation
in place of a time-consuming full-disk analysis of the disk
chemistry that includes FUV attenuation.
In the absence of detailed information on the dust in
the inner regions of protoplanetary disks, we use the dust
model in Appendix A of GNI04, characterized by the
dust to gas mass density ratio ρd/ρg and the geometric
mean grain size ag. This model is based on the distribu-
tion of Mathis et al. (1977) with minimum and maximum
dust sizes, a1 and a2, and ag =
√
a1a2. The resulting
grain surface area per H nucleus is
Sd =
nd
〈
pia2
〉
nH
=
3
4
ρd/ρg
(ρ˜/1.35mH)ag
, (4)
where ρ˜ ≈ 3 g cm−3 is the mean internal mass den-
Table 1
Reference Model Parameters
Parameter Symbol Value
Stellar mass M∗ 0.5 M
Stellar radius R∗ 2 R
Stellar temperature T∗ 4000 K
Disk mass MD 0.005 M
Disk accretion rate M˙ 10−8M yr−1
Dust to gas ratio ρd/ρg 0.01
Dust grain size ag 0.707 µm
Dust extinction Qext 1.0
X-ray luminosity LX 2 ×1030 erg s−1
X-ray temperature TX 1 keV
FUV luminosity LFUV 5 ×1031 erg s−1
Accretion heating αh 0.5
sity of a grain, nH is the volumetric density of hydro-
gen nuclei, nd is the volumetric density of dust par-
ticles, and 1.35mH is the mass per H nucleus. With
these parameters and ρd/ρg = 0.01 and ag = 0.707 µm,
Sd = 8 × 10−23 cm2. By choosing ag larger than the
interstellar value of ag = 0.035µm, the model takes into
account that large grains settle to the midplane and a
reduced population of small grains remains in the upper
atmosphere. The values used here and in past publi-
cations, ρd/ρg = 0.01 and ag = 0.707µm or 7.07µm,
correspond to reductions in grain surface area of roughly
20 and 200 relative to the interstellar medium (ISM).
We use the temperatures from the dust-gas mixture in
D’Alessio et al. (1999) as the dust temperature in all of
our calculations.
When we express the optical properties of protoplane-
tary dust in terms of standard absorption, scattering and
extinction coefficients, Qabs, Qsc and Qext = Qabs +Qsc,
the extinction cross section per H nucleus is σext =
Qext Sd and the dust extinction associated with a hy-
drogen column NH is
τd = σextNH = QextNHSd. (5)
The grain surface area per H nucleus also plays a central
role in the formation of H2 and in the thermal accommo-
dation of gas and dust, as discussed in the next section.
2.2. Heating and Cooling
We revise and extend the treatment of the heating and
cooling of protoplanetary disk atmospheres in GNI04,
especially the heating mechanisms. We emphasize the
heating mechanisms because the underlying physics of
these processes is generally less well founded than the
cooling. These include the heating associated with FUV
radiation and the formation of molecular hydrogen on
grains. Figure 2 illustrates the roles of the most im-
portant heating and cooling processes for our reference
model (Table 1) at a radial distance of 0.95 AU. Dust-gas
cooling is the most important coolant, whereas accretion
heating dominates the heating. Other heating processes
such as photodissociation and grain formation play roles
over limited ranges of column density. Water cooling has
been included by adapting the work of Neufeld & Kauf-
man (1993). Other cooling mechanisms in the model,
e.g., O i fine-structure lines and recombination lines, have
rates that fall below the plotted range in Figure 2.
4 A´DA´MKOVICS, GLASSGOLD & NAJITA
20.5 21.0 21.5 22.0 22.5
( )
11.5
11.0
10.5
10.0
9.5
9.0
lo
g
 t
h
e
rm
a
l 
ra
te
 (
)
Figure 2. Dominant thermal rates for heating Γ (red) and cool-
ing Λ (blue) in the reference model of the disk atmosphere at
r = 0.95 AU. The net gas cooling from thermal accommodation
generally balances accretion heating. Minor heating and cooling
rates, e.g., FUV heating by the photoelectric effect, are shown in
gray. Γphdiss is the sum of H2O and OH photodissociation heating.
2.2.1. Accretion Heating
Viscous accretion heating is the most important heat-
ing process in our model. Without it, the surface lay-
ers would not be warm enough to take advantage of
the warm neutral chemistry that is at the heart of our
thermal-chemical model of the inner disk atmosphere.
We continue to use the formulation in Eq. 12 of GNI04,
Γacc =
9
4
αhρc
2Ω. (6)
where Ω is the angular rotation speed and where, to a
good approximation, the local mass density of the gas,
ρ ≈ (1 + 4xHe)mH, includes He but no heavier atoms.
The helium abundance, xHe, as all abundances in this
paper, is defined relative to total hydrogen. The isother-
mal sound speed for gas temperature Tg is c
2 = kTg/m,
with the mean particle mass given by
m =
1 + 4xHe
1− xH2 + xHe + xe
mH. (7)
This quantity varies substantially in the transition region
where hydrogen changes from atomic to molecular form
in the disk atmosphere. With these definitions, Eq. 6
can be written in a numerically useful form, with units
of erg cm−3 s−1, as
Γacc = 6.18× 10−23 αh (1− xH2 + xHe + xe)
× nH Tg
(
M
M
)1/2(
AU
r
)3/2
. (8)
Equation 6 is based on the hydrodynamic theory of a
viscous accretion disk where the viscosity ν is expressed
as αhρc
2/Ω (Shakura & Sunyaev 1973). GNI04 regarded
this as a phenomenological formula with αh a parameter
that could vary with position and would differ from the
more familiar “alpha” parameter that describes the aver-
age accretion rate. Some support for this idea comes from
simulations of the magnetorotational instability (MRI),
e.g., Hirose & Turner (2011), but a more complete under-
standing of dissipation in the MRI would help put disk
accretion heating on a sounder footing. For the reference
model in this paper, we take αh = 0.5.
2.2.2. X-ray Heating
The heating associated with X-ray irradiation has es-
sentially the same form as in GNI04,
ΓX = Qζ nH, (9)
where Q is the heating per ion pair produced by X-
rays and ζ is the X-ray ionization rate per H nucleus.
Our treatment of the processes described in Sec. 2.2 of
GNI04 has been substantially revised, with the result
that Q ≈ 18 eV in protoplanetary disks (Glassgold et al.
2012). We calculate the ionization rate according to
AGM11. The X-ray luminosity, LX = 2× 1030 erg s−1 is
the same as that adopted by GNI04 (Sec. 2.2), who chose
the average YSO X-ray luminosity found with Chandra
for stellar masses in the 0.8−1.2 M range for the Orion
Nebula Cloud (Garmire et al. 2000). Our choice of LX is
also close to the median value of the pre-main sequence
sample studied by Gu¨del et al. (2010).
2.2.3. Photodissociation Heating
Photodissociation of H2O and OH produces fast H
atoms that can heat the gas, as noted by BB09. The
kinetic energy of the heavy products OH and O can also
contribute, but this is a relatively small effect (∼5%).
The photodissociation products can also be left in ex-
cited states. At sufficiently high densities, realized in
some parts of protoplanetary disks, they may be colli-
sionally de-excited and lead to heating. In the case of
H2O, photodissociation leads to highly excited levels of
the ground electronic state of OH. The fluorescence of
these levels has been detected in protoplanetary disks
in the mid-infrared with Spitzer and ascribed to pho-
todissociation (e.g., Najita et al. 2010; Carr & Najita
2011). Calculations of the heating in H2O photodisso-
ciation (Crovisier 1989; Rodgers & Charnley 2005) are
consistent with roughly equal amounts of direct heating
and fluorescence.
We estimate photodissociation heating by first calcu-
lating the difference between the photon and dissociation
energies,
Ephdiss = (hν −Ddiss), (10)
for each molecule and each band. The dissociation ener-
gies Ddiss are 5.13 eV for H2O and 4.41 eV for OH. After
averaging over the FUV bands, 〈Ephdiss(H2O)〉 = 3.52 eV
and 〈Ephdiss(OH)〉 = 5.54 eV. These quantities enter the
thermal balance through the heating rates per unit vol-
ume for molecule i (H2O or OH),
Γphdiss(i) = G(i)n(i) η(i) 〈Ephdiss(i)〉 , (11)
where η(i) is the fraction of Ephdiss going into heat. For
H2O this fraction is about 0.5 (∼ 1.8 eV). A similar frac-
tion might well apply to the photodissociation OH be-
cause the outcomes suggested by the cross sections cal-
culated by (van Dishoeck & Dalgarno 1984) indicate the
production of significant fluorescence, e.g., the 6300 A˚
lines from the 1D2 level of atomic oxygen. Photodissoci-
ation heating of H2O and OH is weak unless one or both
of these molecules is near maximum abundance, ∼ 10−4.
For example, photodissociation heating becomes domi-
nant in the narrow transition region from logNH = 21.1
to 21.2 in Figure 2.
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2.2.4. Photoelectric Heating
Another component of the heating from FUV radia-
tion arises from the photoelectric effect on grains and
PAHs. The underlying physics is complicated because it
depends on the poorly known properties of the grains,
such as the size and charge distributions. In addition to
the grain surface area and the FUV flux, some of the rel-
evant properties are the absorption coefficient Qabs, the
probability for ejecting an electron Y , and the energy of
the liberated photoelectron, Ephel. All of these quanti-
ties depend on the incident photon energy. In view of the
uncertainties in the physical and chemical properties of
the grains and small particles, we adopt average values
for most of the quantities that enter into the heating rate
per unit volume,
Γphel = Y EphelQabsSd nH FFUV(λ), (12)
and use Eq. 4 for Sd and set Qabs=1. For the other
grain properties we rely on the theory of Weingartner
& Draine (2001) developed for the ISM to estimate the
first two factors in Eq. 12. The effective band for the
photoelectric effect extends from ∼8 eV to 13.6 eV (911.7
– 1550 A˚), and the typical threshold (work function) is
∼5.5 eV. On this basis, the mean photoelectron energy is
Ephel = 5.3 eV. Weingartner & Draine (2001) give the op-
tical properties of single silicate or carbonaceous grains
as a function of photon energy and grain size. We esti-
mate the efficiency to be Y =0.05 by roughly interpolat-
ing between a grain size of 0.03µm and bulk material in
Figure 5 of Weingartner & Draine (2001). The efficiency
of grain photoelectric heating will be reduced relative to
the ISM with the reduction in the grain surface area per
H nucleus Sd.
1
2.2.5. H2 Formation Heating
Ever since the suggestion by Spitzer & Cochran (1973)
that newly formed H2 molecules might carry a signif-
icant fraction of the dissociation energy (4.48 eV), the
amount of the resulting gas heating due to formation
on grains has remained uncertain. The basic issue is
how much energy goes into kinetic and internal excita-
tion energy of the H2 molecule in addition to the collec-
tive motions in the grain. Laboratory experiments (e.g.,
Roser et al. 2003) suggest that the H2 molecule ther-
mally accommodates to the grain before making its final
escape, at least as far as the kinetic energy is concerned.
In a recent experiment, Lemaire et al. (2010) present
evidence that ∼30% of newly formed H2 molecules are
vibrationally excited for dust temperatures up to 70 K.
Assuming that the results of Lemaire et al. (2010) ap-
ply to protoplanetary disks, roughly 1.5 eV in internal
excitation of H2 may be converted to heating by col-
lisional de-excitation. Molecular dynamics calculations
of H2 formation via chemisorption on graphene surfaces
suggest even larger values (Sizun et al. 2010). We assume
1 This is still an overestimate because we have ignored grain
charging, which reduces grain heating according to the character-
istic parameter, (G/G0)T 1/2/ne, where G/G0 measures the ratio
of the FUV radiation field to the standard value for the ISM. Us-
ing G/G0 = 106, T = 900K and ne ≈ 3× 104 cm−3 for the upper
active layer of the disk leads to (G/G0)T 1/2/ne ≈ 103. When this
value is used in Figure 16 of Weingartner & Draine (2001) for ISM
grains, reduction factors in the range 3 – 5 are obtained.
here that the heating per newly formed H2 molecule is
∆E ≈ 1.5eV.
We express the H2 formation rate per unit volume in
standard form as half the destruction rate of atomic H
(Tielens 2010),
R =
1
2
v¯(H)n(H) S(Tg, Td)nH Sd, (13)
where v¯(H)n(H) is the incident H atom flux, Sd is the
grain surface area from Eq. 4,  is the formation efficiency
and S(Tg, Td) is the sticking probability that depends on
both the gas and dust temperatures, Tg and Td.
Using the dust properties described above, we write
the formation heating rate per unit volume (with units
of erg cm−3 s−1) as,
ΓH2 form = 6.91× 10−31 T 1/2g n(H)nH
× S
(
ρd/ρg
0.01
)(
µm
ag
)(
∆E
eV
)
. (14)
In practice we follow GMN09 and use a revised estimate
of curves 2 and 3 in the left panel of Figure 1 of Cazaux &
Tielens (2010) for the formation efficiency  as a function
of Td. We approximate =1 for Td< 25 K, =0.6 for
25 ≤ Td < 80 K, =0.33 for 80 ≤ Td <900 K, and =0 for
Td ≥ 900 K. We estimate S = 0.2 for silicate grains from
Burke & Hollenbach (1983).
2.2.6. Thermal Accommodation
When gas collides with dust particles, energy is ex-
changed in a classical kinetic theory process known as
thermal accommodation. In principle the rate of energy
exchange depends on the nature of the gas and the dust
surface, on the gas and dust temperatures, and possi-
bly on the dust particle size. We use the formulation
in GNI04, rewriting their Eq. 6 for the rate of energy
exchange between gas and dust as,
Λdg = 4.76× 10−33AH
√
Tg (Tg − Td)n2H
×
(
ρd/ρg
0.01
)(
0.05µm
ag
)
. (15)
Temperatures are in K and densities in cm−3 so that the
units are erg cm−3 s−1. Λdg is defined so that it is a cool-
ing function for Tg > Td, which is usually the case in the
present calculations. The strength of the dust-gas cool-
ing is determined by a mean accommodation coefficient
AH, which takes the form, omitting the small contribu-
tions of He and heavy atoms,
AH = x(H)A(H) + 1√
2
x(H2)A(H2). (16)
The treatment given here of dust-gas cooling is based
on the widely cited work of Burke & Hollenbach (1983).
These authors used a rather simple semi-classical the-
ory to fit experiments on tungsten. They then calcu-
lated accommodation coefficients for H and H2 on wa-
ter ice, silicates and graphite. We fit Figure 4 of Burke
& Hollenbach (1983) for the individual coefficients, and
in the present application assume that the dust is pure
silicate. Laboratory measurements of the accommoda-
tion coefficients for astrophysical dust analogs for tem-
peratures relevant to the inner regions of protoplanetary
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disks, Td ≈ 100 K and Tg ≈ 300− 1000 K, would be very
helpful.
3. RESULTS
The results presented here for the FUV and X-ray
model of the previous section are obtained by integrating
the time dependent heat equation for the gas tempera-
ture Tg and the chemical rate equations for 117 species,
using the D’Alessio et al. (1999) flared disk model, which
specifies the disk structure in terms of nH and Td. The
model is divided into cells located by their radial and ver-
tical coordinates, r and z. At each radius r, we begin at
the “top” of the atmosphere, specified by the vertical col-
umn density log NH=18, where we assume atomic con-
ditions and optically thin dust. The numerical integra-
tor LSODA is invoked via the scipy.integrate library2
and run until steady state is achieved. Grid steps to-
ward the mid-plane are evaluated using the steady-state
abundances from overlying grid cells for the initial condi-
tions of subsequent integrations. The chemical equations
contain 1236 reactions, which are basically the same as
in AGM11 and NAG11, except for minor improvements
and the photodissociation reactions (R1, R2) described
in Sec. 2.1. Table 1 gives the most important model pa-
rameters for our reference model.
3.1. The Molecular Transition
Figure 3 gives the run of chemical abundances
vs. depth through the inner disk atmosphere for the
reference model at r=0.95 AU. The abundances are de-
fined in terms of volumetric densities relative to nH.
The height is expressed as the vertical column density
of total hydrogen nuclei, NH, measured from the top
of the atmosphere. The abundance of all of the major
species of interest, H2, OH, H2O and CO (not shown),
increase rapidly when the vertical column NH approaches
logNH = 21.1, delineating the transition to the molecu-
lar region. At this point CO takes up essentially all of
the carbon, H2 has 20% of the hydrogen, and the abun-
dances of both H2O and OH are in the 10
−6−10−5 range.
At somewhat larger columns logNH ≈ 21.3, essentially
all of the hydrogen is in H2, and H2O has taken up all of
available oxygen not in CO.
These transitions start at the location in the hot at-
mosphere where the temperature begins to decrease from
a characteristic level of Tg ≈ 5000 K (in this case at
logNH = 21.0). Referring to Figure 2, this occurs where
dust-gas cooling begins to dominate Lyα cooling with in-
creasing density and to balance accretion heating. Con-
comitant with the formation of molecules, CO cooling
rapidly forces the temperature down close to ∼1000 K.
The transition region includes a column of ∼1019 cm−2
of H2 in the temperature range Tg=1000 – 4000 K in the
inner disk. These conditions are similar to those inferred
from HST observations of H2 fluorescence (Herczeg et al.
2004; Schindhelm et al. 2012; France et al. 2011, 2012).
The temperature of the transition region in Figure 3
falls slowly below 1000 K, reaching Tg = 250 K for a ver-
tical column logNH = 21.9. Thus the transition region in
the X-ray and FUV irradiation model consists of roughly
three layers of gas with different temperatures and chem-
ical properties: (1) a warm molecular region, which lies
2 http://www.scipy.org
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Figure 3. Vertical profiles of molecular abundances (top) and
temperatures (bottom) in the reference model of the disk atmo-
sphere at r = 0.95 AU. The red shaded region is where Tg is in the
range 650 – 1000 K, and the orange shaded region is where Tg is in
the range 250 – 650 K.
below (2) a warmer photodissociation region where H2
and H2O change from partial to full association, and (3)
a hot atomic region at the top of the atmosphere. Re-
gions (1) and (2) are distinguished in Figure 3 by the
light orange and red shading, respectively. Throughout
the disk the temperature of ∼650 K roughly separates
the region of warm H2O from warmer OH. At the start
of the transition, where the temperature is near 1000 K,
OH is as abundant as H2O. By contrast, below the tran-
sition region, the temperature drops below 250 K and the
abundance of OH is typically 3-4 dex smaller than that
of H2O. Once the dust temperature falls below ∼125 K
freeze out of H2O has to be taken into account. At the
radius r = 0.95 AU in Figure 3, freeze out would occur
where logNH > 22.0 if the freeze out temperature for
H2O is 125 K.
Further insight into the nature of the transition region
is provided in Figure 4 where the effects of varying the
X-ray and FUV luminosity are illustrated. The abun-
dance curves at r = 0.95 AU are displayed for models
with neither X-ray nor FUV radiation (dotted curves),
X-rays in the absence of FUV (dashed curves), and vari-
ations of FUV that range from 0.1 to 10 times the refer-
ence FUV luminosity value, LFUV= 1.3 ×10−2 L (the
solid curves) at fixed X-ray luminosity. The atomic to
molecular transition in the inner region of an FUV and
X-ray irradiated protoplanetary disk occurs in steps over
a layer of finite thickness. This is to be contrasted with
abundances calculated in a model with neither FUV nor
X-ray irradiation. Indeed, in the absence of X-ray and
FUV irradiation, the abundances of H2, H2O and CO all
rise up sharply at logNH = 20.9 and contain essentially
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Figure 4. Vertical profiles of molecular abundances for H2 (black),
H2O (blue), OH (green), and CO (magenta), and gas tempera-
tures (red) in the disk atmosphere at r = 0.95 AU. Dotted curves
are abundances without irradiation. Dashed curves are abun-
dances under X-ray irradiation alone. Solid lines correspond to
LFUV=0.0013, 0.013, and 0.13L, from faint to dark respectively.
LX = 5.2× 10−4 L in each model with X-rays. For H2 and H2O,
the 0.0013L case essentially overlaps X-ray irradiation alone. The
red shaded region is where Tg is in the range 650 – 1000 K, and the
orange shaded region is where Tg is in the range 250 – 650 K.
all of the available hydrogen, oxygen, and carbon. Inclu-
sion of X-rays without FUV shifts the transition down to
logNH = 21.1. However, the atomic to molecular transi-
tion still occurs in a very thin layer. When both X-rays
and FUV are included, the molecular abundances in Fig-
ure 4 rise rapidly at logNH = 21.1, close to the pure X-
ray case, but not to their maximum values. Beyond this
depth, the H2O abundance continues to increase, con-
trolled by photodissociation mediated by absorption of
the FUV by dust and then by self-shielding. Maximum
abundances of H2 and H2O are achieved at logNH = 21.2
in the reference model. One result of larger FUV is to
increase the amount of OH and decrease the amount of
H2O in the warm photodissociation region. The gradual
atomic to molecular transition is a special characteristic
of a protoplanetary disk that is irradiated by both X-rays
and FUV.
3.2. The Chemistry of Water and OH
The chemistry is governed by the familiar temperature-
sensitive radical reactions used by GNI04 and in subse-
quent papers, e.g, GMN09 and NAG11. The formation
of OH plays a key role, starting with the endothermic
reaction,
O + H2 → H + OH; (R3)
the rate coefficient recommended by Baulch (2005) is
k3 = 8.5× 10−20 T 2.67 e−3163/T cm3s−1. (17)
Then water is made by an exothermic reaction with a
modest barrier,
OH + H2 → H2O + H; (R4)
its rate coefficient is
k4 = 8.5× 1.70× 10−16 T 1.60 e−1660/T cm3s−1. (18)
These reactions are effective for intermediate temper-
atures ranging from ∼250 – 1000 K. Below 250 K, the
barrier in Eq. 17 suppresses formation, whereas above
1000 K the barrier to the inverse reaction in R3 can be
overcome. For example, in the reference model at the
bottom of the hot layer just below logNH = 21.0, the
balance of forward and backward reactions in R3 and R4
leads to OH abundances in the range 10−8 − 10−6 and
to much smaller but rapidly growing H2O abundances.
Once the temperature drops to ∼1000 K, the inverse re-
actions are significantly reduced and the dominant de-
struction pathway for OH and H2O becomes FUV pho-
todissociation.
The water abundance increases with increasing depth
and density until its maximum value is reached just af-
ter logNH = 21.2. At this point, consumption of H2
by the above reactions is reduced, H2 reaches its maxi-
mum abundance, and OH decreases as almost all oxygen
is incorporated into H2O. In the layer where the H2O
abundance increases from 10−6 to 2 × 10−4, FUV pho-
todissociation is the dominant, although not the only,
destruction mechanism.
The increase in H2O is moderated by the absorp-
tion of FUV, by dust and by H2O itself, which is the
self-shielding process discussed in BB09. In the FUV
dissociation region of the reference model in Figure 3,
τd > τH2O + τOH midway to where the water abundance
peaks (logNH ≈ 21.1), at which point the total FUV
optical depth is large. Once H2O reaches its maximum
abundance, destruction by reactions with X-ray gener-
ated molecular ions become more important than pho-
todissociation, although one of the major ions, H3O
+,
is partially recycled to H2O by dissociative recombina-
tion. Going deeper down into the atmosphere, where
logNH > 21.8 at r = 0.95 AU, the temperature contin-
ues to drop and OH is no longer rapidly converted into
H2O according to the rate coefficient in Equation 18,
and instead fast exothermic reactions with atomic oxy-
gen lead to high abundances of O2. The abundance of
OH is also reduced, so that most of the oxygen is in the
form of O and O2. The transition from H2O to O2 and
O occurs for all radii larger than 0.5 AU.
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3.3. The Distribution of Water and OH
Figure 5 shows how the abundances of H2O and OH in
the disk atmosphere change with radius and grain surface
area, with the reference case (ag = 0.707µm) on the left
and the case where the grain surface area is reduced by
another factor of 10 (ag = 7.07µm) on the right. Results
are shown only for small radii, r . 2 AU, where freeze
out does not occur until below the regions of maximum
gaseous abundance of H2O and OH. The photodissoci-
ation rates for H2O are plotted as dotted curves. The
unshielded rate at r = 0.95 AU is G=10−2 s−1, which is
107 times larger than the value for water in the ISM.
The effects of self-shielding are evidenced by the sud-
den drop in G near where the water abundance peaks.
These curves for G apply over the entire range of ver-
tical columns in Figure 5, even where water is subject
to freeze out. In such regions water vapor may still be
produced by the warm chemistry in reactions R3 and R4
because the progenitor species (H2, O and OH) do not
freeze out until much lower temperatures. In order for
water to freeze out, adsorption onto grain surfaces has to
successfully compete with photodissociation.
In the reference case on the left side of Figure 5, the
thickness of the warm (shaded orange) region decreases
with increasing radius, while the peak abundances re-
main high. The thickness of the warm region mainly af-
fects H2O because its maximum abundances are achieved
at greater depths than for OH. Beyond∼0.5 AU, the H2O
abundance always decreases when the temperature falls
below ∼300 K. The variation of the H2O and OH abun-
dances with radius shown in Figure 5 is another mani-
festation of the role of temperature in the warm radical
chemistry.
The panels on the right side of Figure 5 lack the red
shaded regions, where Tg ≈ 650 − 1000 K, illustrating
that the amounts of warmer OH and H2O are signif-
icantly reduced by decreasing the grain surface area.
When the grain area is reduced, the gas is not ther-
malized as efficiently and the atmosphere remains hot
to larger NH, causing the molecular transition to occur
deeper, where densities are larger and the dust is colder.
At r = 2 AU, near the top of the transition, the small
grain area model has larger warm abundances of OH
than H2O. This is a direct effect of the role of dust
in providing less attenuation of the FUV, as indicated
by the plots of the photodissociation rates. The dashed
vertical lines in Figure 5 indicate the location where the
FUV dust optical depth, from Eq. 5, is unity. Increasing
the dust grain size reduces the dust surface area Sd ac-
cording to Eq. 4 and lowers the FUV opacity. The value
τd = 1 occurs near log NH = 20.8 at r = 2 AU in the
reference model, before water self-shielding becomes im-
portant. In the case of the reduced grain surface area at
r = 2 AU, the FUV penetrates much deeper into the disk,
beyond the transition region, and the large photodissoci-
ation rates throughout reduce the abundance of H2O in
the warm region, producing OH, and fully self-shielding
at logNH=21.8.
In order to compare with observations, we first calcu-
late the vertical column densities of warm H2O and OH
as a function of radius and then integrate them to ob-
tain the cumulative number of molecules within a given
radius. The vertical column densities are given in Ta-
Table 2
Column densities of H2O and OH
r logN(H2O) logN(OH)
(AU) 250-650 K 650-1000 K 250-650 K 650-1000 K
Reference model, ag = 0.707µm
0.24 19.1 17.4 14.8 15.3
0.48 18.0 17.1 14.5 15.4
0.95 17.7 16.9 14.4 15.4
2.11 17.5 16.7 14.4 15.5
5.25 .... 14.8 .... 14.9
Reduced grain area, ag = 7.07µm
0.24 19.1 .... 14.7 ....
0.48 18.6 .... 14.6 ....
0.95 18.2 .... 15.6 ....
2.11 14.6 .... 15.3 ....
5.25 .... .... .... ....
Note. — The units for column densities are cm−2.
ble 2 for the two temperature regimes, 250 – 650 K and
650 – 1000 K, which correspond roughly to where H2O
and OH, respectively, are most abundant. Results from
both the reference grain area (ag = 0.707µm) and the re-
duced grain area (ag = 7.07µm) cases are tabulated. To
be conservative, freeze out of H2O onto grains has been
taken into account by excluding gaseous water from re-
gions where the dust temperature is less than 125 K.
The freeze-out temperatures for oxygen-bearing
species O, O2, OH and CO are all much lower and these
species stay in the gas phase in the inner disk. Since
OH is most abundant in warm regions where H2O re-
mains in the gas phase, freeze-out in cold regions does
not significantly impact our calculation of OH columns.
Where H2O freezes out, the back-reaction in R4 is slow,
hydrogen is entirely molecular, and the OH chemistry is
dominated by reactions with molecular ions and O rather
than the photodissociation of H2O. In the reference case
for H2O, the largest columns occur within 0.5 AU for the
temperature range 250 – 650 K. The relatively slow de-
crease for larger radii in the reference case is compensated
by the increase of annular area with radius. The total
numbers of warm H2O and OH enclosed within a given
radius are shown in Figure 6. The case of reduced grain
area is distinguished from the reference case by the use
of dashed lines. The total amount of warm H2O levels
off beyond ∼4 AU due to freeze out. The total number of
warm water molecules in the reference case is ∼ 4× 1045
or 1.22 × 1023 g, which is about 9% of the mass of the
Earth’s oceans.
4. DISCUSSION
The atmosphere of a protoplanetary disk that includes
both FUV and X-ray irradiation consists of an upper
hot region with Tg ≈ 5000 K, a cool lower region with
temperatures Tg < 250 K, and in between a warm layer
with temperatures 250 < Tg < 1000 K. The transition
from atoms to molecules occurs mainly in the warm layer
where large amounts of water are produced. For our ref-
erence model, gaseous water would be present in the re-
gion where the grain temperature is above the freeze out
temperature (∼125K), i.e., within a radial distance of
4 AU. However, processes that we did not consider here,
such as photodesorption and gas-grain chemistry, could
well maintain a gaseous water reservoir over a larger
range of radii.
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Figure 5. Vertical distributions of abundances for H2 (black), H2O (blue) and OH (green) for the reference model (left) and the reduced
grain area case (right) at several radii, i.e., with LX = 5.2× 10−4 L and LFUV = 1.3× 10−2 L. Tg is plotted (red) with units along the
right axis. The red shaded region is where Tg is in the range 650 – 1000 K, and the orange shaded region is where Tg is in the range 250 –
650 K. The line of sight dust FUV optical depth of unity is indicated by the vertical (dashed black) lines. Curves for the dissociation rate
of water, G, are shown (dotted black).
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Figure 6. The number of warm molecules within a radius r,
with Tg in the range 250 – 1000 K, and where Td > 125 K (i.e.,
above the freeze out temperature) are shown in black for both the
reference model (ag = 0.707µm, solid lines), and for reduced grain
area (ag = 7.07µm, dashed lines). Particularly warm molecules
with Tg in the range 450 – 1000 K, are shown in red.
We confirm several of the ideas presented by BB09; for
example, molecular shielding by H2O and OH is impor-
tant in accounting for the large amounts of warm H2O
and OH that are found in Spitzer observations of FUV-
irradiated CTTS disks. In addition, we also find that
when significant grain settling has occurred, UV absorp-
tion by H2O and OH plays an important role in the ther-
mal and chemical properties of the disk atmosphere, and
it shields the disk midplane from UV radiation.
In confirming these ideas, we have made several im-
portant improvements in the implementation of molecu-
lar shielding. One example is the treatment of molecular
hydrogen, which plays a key role in the formation of OH
and H2O. BB09 assumed that all hydrogen was in H2
in the atmosphere without considering the chemistry of
H2, especially the role of grains. They assumed molecules
dominated the FUV opacity due to dust depletion, but
did not examine whether depletion was consistent with
the abundance of H2. We find that molecular shielding is
effective even in the presence of significant grain settling,
i.e., at the level of grain settling seen in T Tauri stars.
When we examined the model results in Sec. 3 to see
how FUV radiation changes the pure X-ray model, we
found that it is the X-rays that still play a role at the
start of the transition. However, the rise up to maximum
molecular abundances is achieved more gradually under
the influence of FUV photodissociation of H2O and OH.
Once the FUV radiation has been largely extinguished,
the X-rays again play a significant role by reshuffling oxy-
gen between the molecular ion H3O
+ and O, OH, and
H2O. However, it is the temperature structure that dom-
inates the general character of the molecular transitions.
With characteristic activation energy barriers measured
in thousands of K, the rate coefficients for the reactions
that produce water (R3, R4) can change by many orders
of magnitude throughout the protoplanetary disk atmo-
sphere.
Both the large and small grain area models produce
similar amounts of water in the warm atmosphere (Fig 6,
upper panel). Thus, water emission should be detectable
even from disks that have experienced a large amount
of grain settling. In either model, the number of warm
water molecules (∼1045) is in agreement with quantities
derived from Spitzer observations (Carr & Najita 2011;
Salyk et al. 2011). Despite the similar amounts of water
produced in the two models, we find some potentially
observable differences. A greater fraction of the water is
warm (in the 450K – 1000K range) in the model with
the larger grain area. The water also arises over a larger
range of radii in the larger grain area model and would
produce more centrally peaked line profiles for the water
emission than in the smaller grain area model.
The water is mainly produced by the warm radical
chemistry used in previous models, starting with GNI04
and in most other chemical models cited in Sec. 1.
The pre-condition for the formation of oxygen-bearing
molecules is the presence of H2 (formed on dust grains),
from which OH and H2O are produced by reactions with
O and OH, respectively. If the temperature is too low,
thermal barriers reduce the formation rates, and if the
temperature is too high, inverse reactions dominate for-
mation. OH and H2O are found in the inner regions of
protoplanetary disks where the gas temperatures lead to
efficient reactions of H2 with the neutral radicals O and
OH. In this way the abundances of OH and H2O are in-
timately tied to the chemistry of H2, as emphasized by
GMN09. But the production of these molecules is also
linked to the properties of the dust in protoplanetary
disk atmospheres by several processes: the dust surface
is essential for forming H2, for cooling the gas by thermal
accommodation, for extinguishing the incident FUV, and
for heating the gas by the photoelectric effect.
According to Figures 3 and 5, abundant OH and H2O
are found at different places in the disk atmosphere: the
OH is higher and hotter than the H2O. Looking down
into the disk atmosphere, a layer of the OH appears first
and below it layers of warm and cool H2O. A similar
distinction in the OH and H2O temperatures may be
present in Spitzer observations of CTTS disks. Carr &
Najita (2011) analyzed Spitzer observations of the disks
of six CTTSs in Taurus-Aurigae, and obtained tempera-
tures of ∼600 K for H2O. Working with Spitzer observa-
tions of a larger and different sample, Salyk et al. (2011)
found H2O temperatures clustering around ∼450 K and
significantly higher OH temperatures, with an average
value of 1050 K for 15 detections.
While similar amounts of H2O are produced in the
large and small grain area models, greater differences
are seen in the OH that is produced in the two mod-
els. As shown in Figure 6 (lower panel), the large grain
area model (solid line) produces much more OH than
then small grain area model (dashed line). The enclosed
number of warm OH molecules in the large grain area
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model is similar to that observed by Spitzer (∼ 1044). In
either model, the OH arises from a larger range of radii
than the H2O. Taken literally, the OH and H2O line
profiles would differ, with the OH profiles more centrally
peaked than the H2O.
Our model does not treat the the Lyα line, which can
be a significant fraction of the incident FUV. For exam-
ple, Lyα accounts for ∼80% of the observed total FUV
for TW Hya (BB09; Yang et al. 2012). The central por-
tion of the observed line is absorbed out, and it appears
as two broad features separated by several A˚. Following
Bethell & Bergin (2011), the hot upper atmosphere of the
disk is a region of diffuse Lyα due to multiple scattering
of the line by atomic H. In our reference model discussed
in Sec. 3, atomic H is the dominant form of hydrogen
almost down to vertical columns of logNH ≈ 21.2. Thus
the diffuse Lyα extends throughout the upper part of
the warm atmosphere to the level where OH has begun
to decrease from its maximum abundance and H2O has
achieved its maximum.
Bethell & Bergin (2011) used a Monte Carlo code to
calculate the transfer of Lyα for a D’Alessio disk model
that includes a simplified chemistry for the H2 molecule
and three levels of dust depletion. If the dust surface area
is reduced by the value 20, as in our reference model, it
can be deduced from their Figure 10 that the initial ratio
of 6 for the Lyα to the FUV continuum number flux is re-
duced to ∼1/3 near logNH = 21. On this basis, the Lyα
line would increase the dissociation rate of water beyond
that calculated in this paper by ∼1/3. The increased
photodissociation could be approximated by increasing
LFUV in our model, with the results illustrated graphi-
cally in Figure 4.
The role of the absorption of Lyα by H2O, ignored
by Bethell & Bergin (2011), is also important. Using
the cross section for Lyα absorption by H2O (1.6 ×
10−17 cm2, Mota et al. 2005), the vertical optical depth
through logNH = 21.0 is ∼3.2, ignoring the fact that the
Lyα photons are not all traveling downward. This re-
duces the effect of the Lyα line by a further factor of 25
beyond the effects of dust included by Bethell & Bergin
(2011). On this basis we do not expect the total amount
of H2O estimated in this paper to be much affected by
the omission of Lyα. The details of the transition region
may change, as may the properties of the OH radical,
which is located in a region with more diffuse Lyα radi-
ation. Thus it would be of interest to include the trans-
ferof Lyα in our model of a thermally and chemically
inhomogeneous protoplanetary disk atmosphere.
It is interesting to compare our relatively simple model
with the very detailed model, ProDiMo. Presented by
Woitke et al. (2009), this model was extended and ap-
plied in several subsequent papers, especially Meijerink
et al. (2012), which includes X-ray as well as FUV irradi-
ation. ProDiMo includes a very large number of thermal
processes. For the purposes of producing the warm tem-
peratures in the inner disk, ProDiMo relies on photoion-
ization of PAHs and collisional de-excitation of excited
Fe II levels. Our main heating mechanism stems from
mechanical heating that can be traced to the dissipation
produced by the accretion process, most likely the MRI.
There are uncertainties associated with these processes,
e.g., the PAH abundance in disks and the magnitude of
mechanical heating. In both models, dust-gas cooling,
discussed in Sec. 2.2.6, is important.
Another difference between ProDiMo and our model is
their use of a relatively large inner radius of 0.5 AU; es-
sentially all of the warm water predicted by Woitke et al.
arises in the very inner rim of the disk rather than over
the inner several AU as in our model. Low H2O abun-
dances (xH2O . 10−7) are found beyond the inner rim, in
contrast with the much larger abundances in our model
(xH2O ≈ 10−4). These differences imply that ProDiMo
would have difficulty accounting for the large amounts of
H2O that have been observed in inner CTTS disks if it
adopted a smaller inner radius more typical of CTTS. A
likely reason for this major difference between the results
from ProDiMo and our model is that we have included
UV shielding by OH and H2O, which both absorb ra-
diation over a wide range of FUV wavelengths, whereas
ProDiMo includes UV shielding by CO and H2, which
shield over a more limited range of wavelengths.
5. CONCLUSIONS
We have developed an integrated thermal-chemical
model for protoplanetary disk atmospheres that includes
irradiation by FUV and X-rays, grain settling, and a de-
tailed treatment of the physical processes that affect wa-
ter and other molecules. Our objective has been to iden-
tify some of the key processes and how they operate. We
emphasized that several of the processes are uncertain,
especially those relating to grains, and we have focused
on a reference model that represents a typical CTTS disk.
Our results support the idea that H2O in the inner re-
gions of protoplanetary disks can be formed in situ. This
thesis has been discussed in several of the earlier model-
ing papers cited in Section 1. Especially noteworthy are
those that obtain sufficient warm columns of H2O to be
consistent with the amounts deduced from Spitzer obser-
vations, e.g., Glassgold et al. (2009), Woods & Willacy
(2009), Heinzeller et al. 2011, Najita et al. (2011). In
the present work, both the physical and astrophysical
details of how adequate amounts of H2O can be formed
are analyzed in detail. Among the new results presented
here is the key role of dust surface area in regulating
processes that directly affect the H2O abundance, i.e.,
H2 formation, dust-gas thermal accommodation, and the
extinction of FUV radiation. All of these processes are
sensitive to the size distribution of the grains in the up-
per atmosphere of the disk. We find that, in our updated
model, large amounts of H2O and OH are synthesized in
the observable warm regions of a typical protoplanetary
disk atmosphere even in the presence of FUV and X-ray
radiation and substantial grain settling.
The H2O and OH are located primarily in distinct loca-
tions, with the warm H2O layer located below a warmer
layer of OH. Both the temperatures and total numbers
of molecules are consistent with Spitzer observations of
CTTS, with the OH in the atmosphere extending over a
larger range of radii than the H2O. In our model, freeze
out on dust grains restricts the gaseous water reservoir
in the warm atmosphere to radii < 4 AU.
UV absorption by H2O and OH is important in ac-
counting for the large amounts of warm water that are
observed, confirming the ideas discussed by BB09. FUV
radiation affects the width and sharpness of the atomic to
molecular transition, whereas X-rays and grain settling
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affect the depth at which the transition starts. X-rays
also generate ions that destroy water below the photodis-
sociation region. Many of these conclusions can be tested
with suitable observations, as has already been done in
some cases. Together with the discussion in previous
sections, they present a richer picture of an atomic to
molecular in protoplanetary disk atmospheres.
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NNG06GF88G (Origins) and NASA grant 1367693
(Herschel DIGIT). We are particularly grateful to Paula
D’Alessio for providing the disk model used in this work,
and we will remember her for her kindness and her many
contributions to the understanding of protoplanetary
disks.
REFERENCES
A´da´mkovics, M., Glassgold, A. E., & Meijerink, R. 2011, ApJ,
736, 143 (AGM11)
Agu´ndez, M., Cernicharo, J., & Goicoechea, J. R. 2008, A&A,
483, 831
Akimkin, V., Zhukovska, S., Wiebe, D., et al. 2013, ApJ, 766, 8
Aresu, G., Kamp, I., Meijerink, R., et al. 2011, A&A, 526, A163
Aresu, G., Meijerink, R., Kamp, I., et al. 2012, A&A, 547, A69
Baulch, D. L. 2005, Journal of Physical and Chemical Reference
Data, 34, 757
Bethell, T., & Bergin, E. 2009, Science, 326, 1675 (BB09)
Bethell, T. J., & Bergin, E. A. 2011, ApJ, 739, 78
Bruderer, S., van Dishoeck, E. F., Doty, S. D., & Herczeg, G. J.
2012, A&A, 541, A91
Burke, J. R., & Hollenbach, D. J. 1983, ApJ, 265, 223
Carr, J. S., & Najita, J. R. 2008, Science, 319, 1504
—. 2011, ApJ, 733, 102
Carr, J. S., Tokunaga, A. T., & Najita, J. 2004, ApJ, 603, 213
Cazaux, S., & Tielens, A. G. G. M. 2004, ApJ, 604, 222
Cazaux, S., & Tielens, A. G. G. M. 2010, ApJ, 715, 698
Ciesla, F. J., & Cuzzi, J. N. 2006, Icarus, 181, 178
Crovisier, J. 1989, A&A, 213, 459
D’Alessio, P., Calvet, N., Hartmann, L., Lizano, S., & Canto´, J.
1999, ApJ, 527, 893
Dullemond, C. P., & Monnier, J. D. 2010, ARA&A, 48, 205
Fogel, J. K. J., Bethell, T. J., Bergin, E. A., Calvet, N., &
Semenov, D. 2011, ApJ, 726, 29
France, K., Yang, H., & Linsky, J. L. 2011, ApJ, 729, 7
France, K., Schindhelm, E., Herczeg, G. J., et al. 2012, ApJ, 756,
171
Garmire, G., Feigelson, E. D., Broos, P., et al. 2000, AJ, 120, 1426
Glassgold, A. E., Galli, D., & Padovani, M. 2012, ApJ, 756, 157
Glassgold, A. E., Meijerink, R., & Najita, J. R. 2009, ApJ, 701,
142 (GMN09)
Glassgold, A. E., Najita, J., & Igea, J. 2004, ApJ, 615, 972
(GNI04)
Gorti, U., & Hollenbach, D. 2008, ApJ, 683, 287
Gu¨del, M., Lahuis, F., Briggs, K. R., et al. 2010, A&A, 519, A113
Habing, H. J. 1968, Bull. Astron. Inst. Netherlands, 19, 421
Heinzeller, D., Nomura, H., Walsh, C., & Millar, T. J. 2011, ApJ,
731, 115
Herczeg, G. J., Wood, B. E., Linsky, J. L., Valenti, J. A., &
Johns-Krull, C. M. 2004, ApJ, 607, 369
Hirose, S., & Turner, N. J. 2011, ApJ, 732, L30
Kamp, I., & Dullemond, C. P. 2004, ApJ, 615, 991
Kamp, I., Tilling, I., Woitke, P., Thi, W.-F., & Hogerheijde, M.
2010, A&A, 510, A18
Kamp, I., Woitke, P., Pinte, C., et al. 2011, A&A, 532, A85
Lemaire, J. L., Vidali, G., Baouche, S., et al. 2010, ApJ, 725, L156
Markwick, A. J., Ilgner, M., Millar, T. J., & Henning, T. 2002,
A&A, 385, 632
Mathis, J. S., Rumpl, W., & Nordsieck, K. H. 1977, ApJ, 217, 425
Meijerink, R., Aresu, G., Kamp, I., et al. 2012, A&A, 547, A68
Mota, R., Parafita, R., Giuliani, A., et al. 2005, Chemical Physics
Letters, 416, 152
Najita, J. R., A´da´mkovics, M., & Glassgold, A. E. 2011, ApJ,
743, 147 (NAG11)
Najita, J. R., Carr, J. S., Pontoppidan, K. M., et al. 2013, ApJ,
766, 134
Najita, J. R., Carr, J. S., Strom, S. E., Watson, D. M., Pascucci,
I., Hollenbach, D., Gorti, U., & Keller, L. 2010, ApJ, 712, 274
Nee, J. B., & Lee, L. C. 1984, J. Chem. Phys., 81, 31
Neufeld, D. A., & Kaufman, M. J. 1993, ApJ, 418, 263
Nomura, H., Aikawa, Y., Nakagawa, Y., & Millar, T. J. 2009,
A&A, 495, 183
Nomura, H., Aikawa, Y., Tsujimoto, M., Nakagawa, Y., & Millar,
T. J. 2007, ApJ, 661, 334
Nomura, H., & Millar, T. J. 2005, A&A, 438, 923
Pascucci, I., Apai, D., Luhman, K., et al. 2009, ApJ, 696, 143
Pontoppidan, K. M., Salyk, C., Blake, G. A., & Ka¨ufl, H. U.
2010a, ApJ, 722, L173
Pontoppidan, K. M., Salyk, C., Blake, G. A., Meijerink, R., Carr,
J. S., & Najita, J. 2010b, ApJ, 720, 887
Rodgers, S. D. & Charnley, S. B. 2005, MNRAS, 356, 1542
Roser, J. E., Swords, S., Vidali, G., Manico`, G., & Pirronello, V.
2003, ApJ, 596, L55
Salyk, C., Pontoppidan, K. M., Blake, G. A., Najita, J. R., &
Carr, J. S. 2011, ApJ, 731, 130
Schindhelm, E., France, K., Herczeg, G. J., et al. 2012, ApJ, 756,
L23
Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 24, 337
Sizun, M., Bachellerie, D., Aguillon, F., & Sidis, V. 2010,
Chemical Physics Letters, 498, 32
Spitzer, Jr., L., & Cochran, W. D. 1973, ApJ, 186, L23
Thi, W.-F., Woitke, P., & Kamp, I. 2010, MNRAS, 407, 232
Tielens, A. G. G. M. 2010, The Physics and Chemistry of the
rstellar Medium (Cambridge University Press)
van Dishoeck, E. F., & Dalgarno, A. 1984, ApJ, 277, 576
Walsh, C., Nomura, H., Millar, T. J., & Aikawa, Y. 2012, ApJ,
747, 114
Weingartner, J. C., & Draine, B. T. 2001, ApJS, 134, 263
Williams, J. P., & Cieza, L. A. 2011, ARA&A, 49, 67
Woitke, P., Kamp, I., & Thi, W.-F. 2009a, A&A, 501, 383
Woitke, P., Thi, W.-F., Kamp, I., & Hogerheijde, M. R. 2009b,
A&A, 501, L5
Woods, P. M., & Willacy, K. 2009, ApJ, 693, 1360
Yang, H., Herczeg, G. J., Linsky, J. L., et al. 2012, ApJ, 744, 121
